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ABSTRACT
Context. The majority of cataclysmic variables observed in the hard X-ray energy band are intermediate polars where the magnetic
field is strong enough to channel the accreting matter to the magnetic poles of the white dwarf. A shock above the stellar surface heats
the gas to fairly high temperatures (10–100 keV). The post-shock region cools mostly via optically thin bremsstrahlung.
Aims. We investigate the influence of Compton scattering on the structure and the emergent spectrum of the post-shock region. We
also study the effect it has on the mass of the white dwarfs obtained from fitting the observed X-ray spectrum of intermediate polars.
Methods. We construct the model of the post-shock region taking Compton scattering into account. The radiation transfer equation
is solved in the plane-parallel approximation. The feedback of Compton scattering on the structure of the post-shock region is also
accounted for. A set of the post-shock region model spectra for various white dwarf masses is calculated.
Results. We find that Compton scattering does not change the emergent spectra significantly for low accretion rates or low white
dwarf masses. However, it becomes important at high accretion rates and high white dwarf masses. The time-averaged, broad-band
X-ray spectrum of intermediate polar V709 Cas obtained by the RXTE and INTEGRAL observatories is fitted using the set of computed
spectral models. We obtained the white dwarf mass of 0.91 ± 0.02 M⊙ and 0.88 ± 0.02 M⊙ using models with Compton scattering
taken into account and without it, respectively.
Conclusions.
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1. Introduction
Cataclysmic variables (CVs) are close binary systems with a
white dwarf (WD) as a primary (Warner 1995). A WD accretes
matter from a companion star (typically a red dwarf) that fills
its Roche lobe. This matter forms an accretion disc inside the
Roche lobe of the WD. In intermediate polars (IPs), the signifi-
cant magnetic field (106–107 G) can disrupt the disc at some dis-
tance from the WD surface. The matter is then free-falling along
the magnetic field lines onto the WD and forms a strong shock
above its surface (Aizu 1973). The temperature in the post-shock
region (PSR) can be very high (∼10–100 keV) and the plasma
there is cooled mainly via optically thin bremsstrahlung radi-
ation in the X-ray band (Fabian et al. 1976; Lamb & Masters
1979; King & Lasota 1979). Cooling via Compton scattering is
less significant due to a relatively low radiation energy density in
PSR. This contrasts with the accretion columns of X-ray pulsars,
where Comptonization is the dominant cooling mechanism (see
Becker & Wolff 2007, for more details).
The theory of the PSR has been developed in a number
of papers (Aizu 1973; Wu et al. 1994; Woelk & Beuermann
1996; Cropper et al. 1999). The most recent investigations by
Canalle et al. (2005) and Saxton et al. (2005, 2007) have studied
the role of the two-temperature plasma and considered the dipole
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magnetic funneling (not the standard plane-parallel approxima-
tion). The plasma temperature in the PSR depends on the free-
fall velocity at the WD surface; therefore, the X-ray spectra of
IPs can be used to determine the WD mass (Rothschild et al.
1981). Such studies have been performed by Cropper et al.
(1998), Cropper et al. (1999), Ramsay (2000), Beardmore et al.
(2000), Revnivtsev et al. (2004), Suleimanov et al. (2005),
and Falanga et al. (2005), using various X-ray data sets.
Suleimanov et al. (2005) demonstrated that, to accurately mea-
sure the maximum post-shock temperature to infer the WD mass,
the spectra at high energies (up to at least 100 keV) are needed.
The IPs are the most luminous and the hardest X-ray
sources among accreting WDs. The interest in this class of
objects has been growing in the past few years as IPs have
been recently proposed as the dominant X-ray source popu-
lation detected near the Galactic centre by Chandra observa-
tory (Muno et al. 2004; Ruiter et al. 2006). The IPs also con-
tribute significantly to the X-ray diffuse Galactic ridge emis-
sion (Revnivtsev et al. 2006), as well as dominate the hard X-ray
sky there (Krivonos et al. 2007a). Moreover, most of the known
CVs detected by INTEGRAL (Bird et al. 2007; Krivonos et al.
2007b) and Swift satellites are IPs (see e.g. Barlow et al.
2006; Bonnet-Bidaud et al. 2007; de Martino et al. 2008). In the
strongly magnetized (B ≥ 107 G) polar systems, cyclotron radi-
ation is an important cooling mechanism, which suppresses the
high temperature bremsstrahlung emission, whilst it should be
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Fig. 1. A schematic view of the accretion flow onto the WD
magnetic polar cap. The accreting gas falls quasi-radially to-
wards the magnetic poles, forming a standing shock, below
which the X-rays are emitted.
negligible for the IPs. This could explain why the majority of
the CVs observed in the hard X-ray band are IPs.
To better understand the hard X-ray production in IPs, one
needs to model their observed spectral properties. The goal of the
present paper is to investigate the influence of Compton scatter-
ing on the structure of the PSR and the emergent spectrum. We
developed the physical model of the PSR and compare the com-
puted spectral models to the broad-band X-ray spectrum of the
intermediate polar V709 Cas obtained by RXTE and INTEGRAL
observatories. We have also determined the WD mass in this sys-
tem.
2. Model of the post-shock region
2.1. Main equations
The structure of the stationary post-shock region (the accretion
and emission geometry is illustrated schematically in Fig. 1) in a
plane-parallel, one-dimensional geometry can be described (see
e.g. Cropper et al. 1999; Suleimanov et al. 2005) by the mass
continuity equation
d
dz (ρV) = 0, (1)
the momentum equation
d
dz (ρV
2 + P) = − GMwd(z + Rwd)2 ρ, (2)
the energy equation
V
dP
dz + γP
dV
dz = −(γ − 1)(1 + A)Λ, (3)
and the ideal-gas law
P =
ρkT
µmH
. (4)
Here mH is the hydrogen mass and γ=5/3 is the adiabatic in-
dex. The cooling rate Λ due to thermal optically thin radiation is
given by
Λ = neniΛN(T ), (5)
where ΛN(T ) is the cooling function, ne the electron num-
ber density, and ni the ion number density. We take ΛN(T )
for solar chemical composition as calculated and tabulated by
Sutherland & Dopita (1993).
The term 1 + A is the amplification factor due to
Comptonization. In contrast to the usually used integral am-
plification factor (which is just the ratio of the emergent
flux to the incident flux of some seed soft photons, see
Illarionov & Sunyaev 1975; Svensson 1984), we use here the lo-
cal amplification factor, because we are interested in the verti-
cal structure of the accretion column. In a homogeneous isother-
mal slab, the integral and local factors are nearly equal. As the
Compton cooling rate depends on the local plasma tempera-
ture and density in a different way compared to the optically
thin, thermal radiation, the local amplification factor (1 + A) is
a function of the geometrical coordinate z. The cooling due to
cyclotron radiation is not considered here.
Equation (1) has the integral
ρV = a, (6)
where the mass accretion rate a per unit area is a free parameter
of the model.
A simple analytical solution of Eqs. (1)–(4) can be ob-
tained (see Frank et al. 2002), if one assumes a constant gas
pressure throughout the PSR and considers the cooling only by
bremsstrahlung. The distributions of the velocity, temperature,
and density along the PSR height z in this case are
V = V0
(
z
Hs
)2/5
, T = T0
(
z
Hs
)2/5
, ρ = ρ0
(
z
Hs
)−2/5
, (7)
where the shock height above the surface,
Hs = 3.94 × 107 a−1 µ−1/2 µ2em3/2R
−3/2
9 cm, (8)
and the parameters at the shock position are
V0 = 1.29 × 108 m1/2 R−1/29 cm s
−1,
ρ0 = 7.75 × 10−9 a m−1/2 R1/29 g cm
−3, (9)
T0 = 6.03 × 108 µ m R−19 K.
Here µ is the gas mean molecular weight (in units of mH) and
µe is the number of nucleons per electron in the fully ionized
plasma (µ = 0.62 and µe = 1.2 for solar composition). We use
the dimensionless variables for the WD mass m = Mwd/M⊙ and
the radius R9 = Rwd/109cm. The WD radius can be calculated
from the WD mass-radius relation (Nauenberg 1972):
R9 = 0.78

(
1.44
m
)2/3
−
(
m
1.44
)2/3
1/2
. (10)
Alternatively, for masses m in the range 0.5–1.2, one can use a
linear approximation to the mass-radius relation
R9 = 1.364 − 0.807m. (11)
2.2. Numerical scheme
We now describe the method of numerically solving the PSR
structure. First of all, the input parameters, the WD mass, and the
local accretion rate a are defined. Then we use two-loop iteration
scheme. In the outer loop the amplification factor is changed,
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while in the inner loop the PSR structure and the emergent spec-
trum are computed with the fixed distribution of the amplifica-
tion factor on the relative height z/z0, where z0 is the shock posi-
tion. First, an initial model without Comptonization (A(z) = 0) is
calculated. Equations (1)–(4) are solved by the shooting method
from z = z0 to z = 0 with the following boundary conditions at
z = z0 (see details in Suleimanov et al. 2005):
V0 = 0.25
√
2GMwd/(Rwd + z0),
ρ0 =
a
V0
, (12)
P0 = 3aV0,
T0 = 3
µmH
k V
2
0 .
The shock position z0 is found iteratively from the additional
boundary condition: V = 0 at the WD surface. The obtained
PSR structure along z-coordinate is then considered as a plane-
parallel atmosphere. The radiative transfer equation in this at-
mosphere is solved at a grid of 90 column densities Σ (defined in
usual way dΣ = −ρdz), distributed equidistantly from Σ ≈ 10−6
g cm−2 to Σmax = Σ(RWD). The Compton amplification factor
A as a function of the PSR height is given by the ratio of the
radiation energy loss rate, obtained from the solution of the ra-
diative transfer equation, to the one given by the thermal cooling
function:
1 + A(z) = dF/dz
Λ
= −ρ
dF/dΣ
Λ
, (13)
where F is the integrated over frequency radiation flux.
Then we again solve Eqs. (1)–(4) with the computed am-
plification factor. Here we assume that the amplification factor
only depends on the relative position z/z0 in the PSR. It is im-
portant, because in the inner loop of iterations the shock posi-
tion and the set of geometrical depth z change from iteration to
iteration. Therefore, for the given shock position z0, the ampli-
fication factor at height z is computed by interpolating the de-
pendence A(z/z0). This iteration procedure is repeated until the
relative change in the shock position is less than 1 per cent (with
5–6 iterations being sufficient). As a result we obtain the self-
consistent PSR model with Compton cooling, together with the
emergent spectrum of radiation.
2.3. Radiative transfer with Compton scattering
The radiative transfer equation for specific intensity I(x, µ) with
Compton scattering taken into account in the plane-parallel ap-
proximation has the form
η
dI(x, η)
dΣ = [σ(x) + k(x)][I(x, η) − S (x, η)], (14)
where σ(x) and k(x) are electron scattering and true absorption
opacities at depth Σ, η is the cosine of the angle between the nor-
mal to WD surface and the direction of the radiation propaga-
tion. The absorption opacity is the sum of the free-free opacities
of the fully ionized 25 most abundant chemical elements with
solar composition. The source function is the sum of the thermal
part and the scattering part:
S (x, η) = k(x)
σ(x) + k(x) B(x) + (15)
x2
σ(x) + k(x)
∫ ∞
0
dx1
x21
∫
dϕ
∫
dη1R(x, x1, ψ)I(x1, η1),
Fig. 2. Dependence of the Compton parameter YComp for the
PSR on the WD mass. The solid curve gives the results for the
analytical model (7) of Frank et al. (2002) given by Eq. (21),
while the dotted and dashed curves are for the numerical model
of Suleimanov et al. (2005) for two accretion rates a = 1 and 10
g s−1 cm−2, respectively.
where B(x) is the Planck function. The Compton scattering
redistribution function that describes the electron scattering
(in the isotropic Thomson approximation in the electron rest
frame, which is accurate enough for electron temperatures below
100 keV), is (Arutyunyan & Nikogosyan 1980; Poutanen 1994;
Poutanen & Svensson 1996):
R(x, x1, ψ) = 18piQ
e−γ∗/Θ
K2[1/Θ]
, (16)
where
x1 =
hν1
mec2
, x =
hν
mec2
(17)
are dimensionless photon energies before and after scattering,
Θ =
kT
mec2
(18)
is the electron temperature in units of the electron rest mass,
ψ = ηη1 +
√
1 − η2
√
1 − η21 cosϕ is the cosine of the scattering
angle, K2 is the modified Bessel function, and
γ∗ =
Q√
2xx1(1 − ψ)
, Q2 = x2 + x21 − 2xx1ψ. (19)
The outer boundary condition is found from the lack of in-
coming radiation at the PSR surface, and the inner boundary
condition is taken as the Planck function with the effective tem-
perature of the WD (≈ 2 × 104 K). The formal solution of
the radiation transfer equation (14) is obtained using the short-
characteristic method (Olson & Kunasz 1987), and the full so-
lution is found with a simple Λ-iteration method. This method
gives a fast solution in this case, as the PSR has a rather small
electron scattering optical depth (τe ≤ 1). This is also why we do
not need to consider the nonlinear terms (i.e. induced scattering)
in the radiation transfer equation.
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Fig. 3. Comparison of PSR models computed for Mwd = 1.2M⊙ with a local accretion rate a = 10 g s−1 cm−2 with (solid curves)
and without (dashed curves) Compton scattering taken into account. The temperature and the density structures (panel a), as well as
the emergent spectra (panel b), are shown. The dotted lines correspond to the analytical solution (7).
2.4. Results of calculations
Before presenting the results of our calculations, let us first eval-
uate the importance of cooling by Compton scattering in the
PSR. The Compton parameter
YComp = 4Θmax(τe, τ2e) (20)
can be calculated for various models of the PSR. The analytical
model (7) yields
YComp = 4σT
∫ Hs
0
Θ ne dz = 0.05 µ1/2 µe m2 R−29 . (21)
It is clear the Compton parameter can be close to unity only for
high-mass WDs. It is possible to also compute YComp using nu-
merical models of the PSRs (Suleimanov et al. 2005). The de-
pendence of YComp on the WD mass is shown in Fig. 2. We see
that at high accretion rates and high WD masses, Compton scat-
tering can affect the structure of the PSR and the emergent spec-
trum.
The influence of Comptonization on the temperature and the
density structure of the PSR, as well as the emergent spectra, are
demonstrated in Fig. 3. Here we take a 1.2 M⊙ WD with a local
accretion rate a = 10 g s−1 cm−2 and compute the PSR structure
with and without Comptonization taken into account. The am-
plification factor 1+ A due to Compton scattering is about 1.5 at
the top of the PSR (near the shock) and decreases to 1 at the WD
surface. Therefore, if Comptonization is taken into account, the
cooling rate becomes higher, the height of PSR smaller, and the
emergent spectrum slightly harder. But the difference between
the emergent spectra with and without Comptonization is, how-
ever, rather small.
We computed the grid of PSR models for WD masses rang-
ing from 0.3 to 1.3 M⊙ with step 0.02 M⊙ (51 models in total).
The total accretion rate was assumed to be ˙M = 1017 g s−1 with
the fixed part f = 10−3 of the WD surface occupied by PSR. This
gives different local accretion rates a for various WD masses,
varying from ∼ 0.5 to ∼ 5 g s−1 cm−2. The emergent spectra of
PSR with different local accretion rates (in the interval 0.1–10
g s−1 cm−2) are very similar (Suleimanov et al. 2005); therefore,
we have only one free parameter, the WD mass, in our grid of
model spectra. This means that the mass can be found by fitting
the observed X-ray spectrum. Of course, the WD mass deter-
mination using spectral fitting is model dependent, because of
using of the specific theoretical WD mass-radius relation and of
the framework the theoretical spectra are calculated. However,
the WD mass determination depends very little on the particular
choice of ˙M and f .
The grid of the IP spectral models has been incorporated into
the XSPEC software package under the name IPCOMP and is
publicly available.
3. X-ray spectrum of V709 Cas
V709 Cas is a typical IP emitting in the hard X-rays (see
e.g. Suleimanov et al. 2005). The present dataset was obtained
using the RXTE/PCA (3–20 keV) (Jahoda et al. 1996) and
INTEGRAL/IBIS/ISGRI (20–120 keV) (Ubertini et al. 2003;
Lebrun et al. 2003) instruments with the total effective exposure
times of 47 ks and 4.5 Ms, respectively. Our spectral model con-
sists of the PSR model IPCOMP, an iron line modelled as a
Gaussian, and the partial absorption model PCFABS described
by the covering factor CF and the column density NH. The spec-
tral analysis is performed with the XSPEC (Arnaud 1996) ver-
sion 12.4.
The best fit with χ2/d.o.f. = 31/30 is obtained for Mwd =
0.91+0.03
−0.02M⊙, a partial covering fraction CF = 0.41 ± 0.05 and
NH = (53 ± 10) × 1022 cm−2 (see Fig. 4). The iron line energy
is 6.5 ± 0.2 keV with an equivalent width of 508 eV. The un-
absorbed flux between 0.5 and 150 keV is F ≃ 2.4 × 10−10
erg cm−2 s−1, which translates into a bolometric luminosity of
L ≃ 1.52 × 1033 erg s−1, for the source distance of 230 pc
(Bonnet-Bidaud et al. 2001).
We can estimate the mass accretion rate using the simple re-
lation ˙M = LRwd/(GMwd). We get ˙M = 0.8 × 1016 g s−1 for
the WD radius of Rwd ≃ 0.61 × 109 cm, which was computed
using Eq. (10). To investigate the role of Compton scattering,
we also implemented into XSPEC the grids of the PSR model
without Compton scattering. The derived parameters are simi-
lar to those obtained with the Compton scattering model with
a comparable reduced χ2. The WD mass is found to be slightly
lower Mwd = 0.88+0.02−0.01M⊙. This seems counter-intuitive, because
Comptonization increases the flux at high energies, and there-
fore would need lower temperature (and therefore lower WD
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Fig. 4. The unfolded spectrum of V709 Cas and the best-fit spec-
tral model of the PSR. The crosses represent the data from
RXTE/PCA (3–20 keV) and INTEGRAL/ISGRI (20-100 keV)
instruments. The total spectrum of the PSR model is shown
by the solid (with Compton scattering) and the dashed (with-
out Compton scattering) curves. The dotted curve represents the
Gaussian iron line.
mass) to radiate the same energy. However, the spectral slope
in the 4–20 keV energy range is different for the two models,
so the absorber parameters also change to CF = 0.44 ± 0.05
and NH = (63 ± 10) × 1022 cm−2. Thus for V709 Cas, both
mass estimations are consistent with each other within the er-
rors, and Compton scattering does not have much effect, which
is expected for such a WD mass and a rather low accretion rate.
For illustrative purpose, we also obtained a fit of the
observed spectrum with a single temperature bremsstrahlung
model. We obtained T = 29.6 ± 2.5 keV, CF = 0.31 ± 0.04,
NH = (58 ± 15) × 1022 cm−2, and the iron line energy 6.5 ± 0.2
keV with the reduced χ2 = 1.062. Using a linear approximation
to the mass-radius relation (11), we can estimate the WD mass:
m =
TkeV
23.6 + 0.59TkeV
, (22)
which gives Mwd = 0.72 ± 0.035M⊙. This result illustrates the
error from the use of a simple one-temperature bremsstrahlung
model for the WD mass estimation.
4. Conclusions
We have studied the influence of Compton scattering on the
structure of the post-shock region and the broad-band X-ray
spectra of intermediate polars. Compton scattering leads to
slightly harder emergent spectra and smaller PSR height. The ef-
fect can be significant for the luminous intermediate polars with
high-mass WDs. We have also constructed a grid of the emergent
spectra in a wide range of WD masses and incorporated into the
XSPEC package. We used this grid to fit the broad-band X-ray
spectrum of V709 Cas observed by RXTE and INTEGRAL obser-
vatories and determined the WD mass in this object. Accounting
for Compton scattering does not change the obtained mass sig-
nificantly.
In this work we have not considered the cooling by cyclotron
radiation. However, for WDs with stronger magnetic field (po-
lars), Comptonization of the cyclotron photons can significantly
affect the structure of the PSR and the emergent spectra. We plan
to perform such a study in the future.
Acknowledgements. VS was suppoted by DFG (grant We 1312/35-1 and grant
SFB / Transregio 7 “Gravitational Wave Astronomy”) and by the President’s
programme for support of leading science schools (grant NSh–4224.2008.2). JP
has been supported by the Academy of Finland grant 110792. MF acknowledges
the French Space Agency (CNES) for financial support and thanks J. M. Bonnet-
Bidaud for valuable discussions. VS, JP, and MF acknowledge the support of the
International Space Science Institute (Bern), where part of this investigation was
carried out.
References
Aizu, K. 1973, Prog. Theor. Phys., 49, 1184
Arnaud, K. A. 1996, in Jacoby, G., Barnes, J., eds, ASP Conf. Ser. 101,
Astronomical Data Analysis Software and Systems V. Astron. Soc. Pac., San
Francisco, p.10
Arutyunyan, G. A., & Nikogosyan, A. G. 1980, Sov. Phys. – Doklady, 25, 918
Barlow, E. J. et al. 2006, MNRAS, 372, 224
Beardmore, A., Osborne, J., & Hellier, C. 2000, MNRAS, 315, 307
Becker, P. A., & Wolff, M. T. 2007, ApJ, 654, 435
Bird, A. J., Malizia, A., Bazzano, A., et al. 2007, ApJS, 170, 175
Bonnet-Bidaud, J. M., Mouchet, M., de Martino, D., Matt, G., Motch, C. 2001,
A&A, 374, 1003
Bonnet-Bidaud, J. M., de Martino, D., Falanga, M. et al. 2007, A&A, 473, 185
Canalle, J. B. G., Saxton, C. J., Wu, K., Cropper, M., & Ramsay, G. 2005, A&A,
440, 185
Cropper, M., Ramsay, G., & Wu, K. 1998, MNRAS, 293, 222
Cropper, M., Wu, K., Ramsay, G., & Kocabiyik, A. 1999, MNRAS, 306, 684
de Martino, D., Matt, G., Mukai, K. et al. 2008, A&A, 481, 149
Fabian, A., Pringle, J., & Rees, M. 1976, MNRAS, 175, 43
Falanga, M., Bonnet-Bidaud, J. M., & Suleimanov, V. 2005, A&A, 444, 561
Frank, J., King, A., & Raine, D. 2002, Accretion Power in Astrophysics,
Cambridge Univ. Press, Cambridge, 3rd edition
Jahoda, K., Swank, J. H., Giles, A. B., et al. 1996, Proc. SPIE, 2808, 59
Illarionov, A. F., & Sunyaev, R. A. 1975, Sov. Astron., 18, 413
King, A. R., & Lasota, J. P. 1979, MNRAS, 188, 653
Krivonos, R., Revnivtsev, M., Churazov, E., et al. 2007a, A&A, 463, 957
Krivonos, R., Revnivtsev, M., Lutovinov, A., et al. 2007b, A&A, 475, 775
Lamb, D., & Masters, A. 1979, ApJ, 234, L117
Lebrun, F., Leray, J.-P., Lavocate, Ph., et al. 2003, A&A, 411, L141
Muno, M. P., Arabadjis, J. S., Baganoff, F.K., et al. 2004, ApJ, 613, 1179
Nauenberg, M. 1972, ApJ, 175, 417
Olson, G., & Kunasz, P. 1987, JQSRT, 38, 325
Poutanen, J. 1994, PhD thesis, University of Helsinki
Poutanen, J., & Svensson, R. 1996, ApJ, 470, 249
Ramsay, G. 2000, MNRAS, 314, 403
Revnivtsev, M., Lutovinov, A., Suleimanov, V., Molkov, S., & Sunyaev, R. 2004,
Astr. Lett., 30, 772
Revnivtsev, M., Sazonov, S., Gilfanov, M., Churazov, E., & Sunyaev, R. 2006,
A&A, 452, 169
Rothschild, R. E., Gruber, D. E., Knight, F. K., et al. 1981, ApJ, 250, 723
Ruiter, A. J., Belczynski, K., & Harrison, T. E. 2006, ApJ, 640, L167
Saxton, C. J., Wu, K., Cropper, M., & Ramsay, G. 2005, MNRAS, 360, 1091
Saxton, C. J., Wu, K., Canalle, J., Cropper, M., & Ramsay, G. 2007, MNRAS,
379, 779
Suleimanov, V., Revnivtsev, M., & Ritter, H. 2005, A&A, 435, 191
Sutherland, R. S., & Dopita, M. A. 1993, ApJS, 88, 253
Svensson, R. 1984, MNRAS, 209, 175
Ubertini, P., Lebrun, F., Di Cocco, G., et al. 2003, A&A, 411, L131
Warner, B. 1995, Cataclysmic variable stars, Cambridge Univ. Press, Cambridge
Woelk, U., & Beuermann, K. 1996, A&A, 306, 232
Wu, K., Chanmugam, G., & Shaviv, G. 1994, ApJ, 426, 664
